Objective: The primary objective of this study is to identify the predictors of comorbidities and major adverse cardiovascular events (MACE) that can develop after diagnosis of acromegaly. The role of therapy for acromegaly in the event of such complications was also evaluated. Design and methods: Retrospective cohort study was conducted on 200 consecutive acromegalic patients in a tertiary referral center. The following outcomes were evaluated: diabetes, hypertension and MACE. Each patient was included in the analysis of a specific outcome, unless they were affected when acromegaly was diagnosed, and further classified as follows: (i) in remission after adenomectomy (Hx), (ii) controlled by somatostatin analogues (SSA) (SSAc) or (iii) not controlled by SSA (SSAnc). Data were evaluated using Cox regression analysis. Results: After diagnosis of acromegaly, diabetes occurred in 40.8% of patients. The SSAnc group had a three-fold higher risk of diabetes (HR: 3.32, P = 0.006), whereas the SSAc group had a 1.4-fold higher risk of diabetes (HR: 1.43, P = 0.38) compared with the Hx group. Hypertension occurred in 35.5% of patients, after diagnosis. The determinants of hypertension were age (HR: 1.06, P = 0.01) and BMI (HR: 1.05, P = 0.01). MACE occurred in 11.8% of patients, after diagnosis. Age (HR: 1.09, P = 0.005) and smoking habit (HR: 5.95, P = 0.01) were predictors of MACE. Conversely, therapy for acromegaly did not influence hypertension or MACE. Conclusion: After diagnosis of acromegaly, control of the disease (irrespective of the type of treatment) and lifestyle are predictors of comorbidities and major adverse cardiovascular events.
Introduction
Acromegaly is characterized by excess of chronic GH and IGF1 and is associated with an increased morbidity and mortality. This is mainly due to cardiovascular and cerebrovascular diseases, which may be further aggravated by comorbidities such as hypertension, diabetes or dyslipidemia, all contributing to a high-risk cardiovascular profile in patients with acromegaly (1, 2) .
Overall, the prevalence of systemic complications with the diagnosis of acromegaly is higher than in the general population. In fact, the prevalence of hypertension is approximately two-fold higher in acromegalic patients than in the normal population (46% vs 25%) (3) , and the prevalence of diabetes ranges from 15 to 38% (4, 5, 6, 7) . In addition, increased levels of triglycerides have been reported in acromegaly, whereas hypercholesterolemia has occasionally been found (8) . However, despite the unfavorable cardiovascular profile, contrasting data have been reported regarding the prevalence of coronary artery disease in acromegaly (9, 10, 11) .
The effects of surgical and medical therapies for acromegaly on systemic complications have been extensively studied (12, 13, 14, 15) . Several studies have reported the beneficial effects of disease control on the management of metabolic and cardiovascular comorbidities already present at the diagnosis of acromegaly (16, 17) .
However, acromegaly is a chronic syndrome lasting decades, and systemic complications may occur over the lifespan of patients. Little is known regarding the predictors of the comorbidities and cardiovascular acute events after the diagnosis of acromegaly.
The primary aim of this study was to identify the determinants of comorbidities and cardiovascular events that may occur after diagnosis of acromegaly. The potential effect of therapy on acromegaly in the event of such complications was also evaluated.
Patients and methods
This was a retrospective cohort study aiming at identifying the determinants of comorbidities and cardiovascular events, after the diagnosis of acromegaly. The Ethics Committee of the University of Pisa approved this study (study no. 3916), and all patients gave their written informed consent for the scientific use of their data.
Patients
We retrieved the clinical records of patients with acromegaly who had been referred to the endocrinology section of the Department of Clinical and Experimental Medicine at the University of Pisa from December 1974 to December 2014.
Totally, 200 acromegalic patients (58.5% females; median (IQR) age: 46 (38-56) years) were included in the study.
Study design
It is our practice to submit all patients with acromegaly to a complete study of systemic complications of acromegaly at the diagnosis of disease and during the follow-up visits.
For the purposes of this study, the evaluated comorbidities and cardiovascular events (outcomes) were as follows: (i) diabetes mellitus, (ii) arterial hypertension and (iii) major adverse cardiovascular events (MACE).
Each patient was evaluated for the occurrence of a specific outcome, separately (Fig. 1) . If an outcome was already present at the diagnosis of acromegaly, the patient was excluded from the analysis of that specific outcome. At the time of the occurrence of a specific outcome, the patient was classified as follows: (i) in remission after pituitary adenomectomy (HX), (ii) controlled by somatostatin analogue (SSA) therapy (SSAc) and (iii) not controlled by SSA therapy (SSAnc). If a specific outcome did not occur throughout the entire study period, the patient was classified with one of the three abovementioned groups, according to the acromegaly status at the time of the last follow-up visit.
For each outcome, the analysis was performed comparing the data of the three treatment groups, as illustrated in Fig. 1 .
Treatment groups
The choice of therapy for acromegaly, for each patient, was based on clinical grounds, available treatments during that period and the willingness of the patient and was independent of the purpose of this study.
Pituitary adenomectomy was considered as the firstline therapy. Therapy with SSAs was started for various reasons: (i) patients for whom surgery was not feasible or contraindicated, (ii) patients that refused the surgical option and (iii) patients with active disease after surgery and/or radiotherapy. The treatment with SSAs was titrated every 6 months based on serum IGF1 concentrations.
Therapy with pegvisomant was started alone or in association with SSA therapy in patients with uncontrolled disease under somatostatin analogue therapy.
The Hx group included patients in surgical remission for at least 12 months before the onset of the complication or, if no complications have developed, the last time they were examined at our hospital.
The SSA groups included patients treated for at least 12 months with SSA therapy before the onset of the complication or in those cases in whom no complications had developed, the last visit at which they were seen. Those patients that had been controlled for at least 12 months with SSA therapy were grouped as SSAc; otherwise they were grouped as SSAnc.
The exclusion criteria were as follows: (i) patients treated for less than 12 months with any treatment and (ii) patients treated for at least 12 months with pegvisomant before the onset of the complication or, if no complications have developed, the last time they were examined (Fig. 1) . The group of pegvisomant was not considered for statistical analysis because of the very small sample size and a much shorter follow-up period than that of patients treated with surgery and/or somatostatin analogue therapy.
Diagnosis of acromegaly and endocrine evaluation
The diagnosis of acromegaly was confirmed according to clinical and laboratory features, as reported (18, 19, 20) .
The estimated duration of acromegaly was expressed in months and consisted in the time interval between the onset of symptoms (assessed by the clinical history and comparison of previous personal photographs of face and hands over time, when available) and diagnosis of acromegaly.
Acromegaly was caused by a pituitary GH-secreting microadenoma in 63 cases (31.5%) or by a macroadenoma in 137 cases (68.5%).
At the diagnosis of acromegaly, partial anterior hypopituitarism was diagnosed in 44 subjects and treated accordingly: hypothyroidism (n = 9), hypogonadism (n = 28) and hypothyroidism combined with Study design. Two hundred acromegalic patients were retrospectively evaluated for the occurrence of the following complications (outcomes): diabetes mellitus (DM), arterial hypertension (AI) and major adverse cardiovascular events (MACE).
Each patient was considered for the occurrence of a specific outcome, unless he/she was affected at the diagnosis of acromegaly.
The Hx group included patients in surgical remission for at least 12 months before the onset of the complication or if no complications have developed, the last time they were examined at our hospital. The SSA groups included patients treated for at least 12 months with somatostatin analogue therapy (SSA) before the onset of the complication or in those cases in whom no complications had developed, the last visit at which they were seen. Those patients that had been controlled for at least 12 months with SSA therapy were grouped as SSAc, otherwise they were grouped as SSAnc. Patients were defined as in remission, uncontrolled or controlled for acromegaly based on the IGF1 index (ratio between the IGF1 concentration and the upper limit of the normal range for age). Remission or controlled acromegaly was defined when the IGF1 index was ≤1. Patients were excluded from the analysis if (i) treated for less than 12 months with any treatment or (ii) treated for at least 12 months with pegvisomant (Peg) therapy before the onset of the complication or if no complications have developed, the last time they were examined. The analysis was carried out by comparing data among the three treatment groups.
hypogonadism (n = 5) or with hypoadrenalism (n = 1). One patient had panhypopituitarism. After pituitary adenomectomy, hypopituitarism was recorded in 22 patients: hypothyroidism (n = 2), hypogonadism (n = 6) and GH deficiency (n = 1). The remaining eight patients had combined hypopituitarism and five patients had panhypopituitarism. Hormone replacement therapy was given as appropriate.
Evaluation of comorbidities, cardiovascular events and their risk factors
The diagnosis of comorbidities at baseline and during the study period was established according to the following most recent criteria: arterial hypertension was defined by the 2007 ESH-ESC guidelines (21) , and diabetes mellitus was defined by the ADA 2014 guidelines (22) .
In addition, we classified patients as hypertensives or diabetics if they were already receiving treatment for hypertension or diabetes respectively.
The major adverse cardiovascular events were defined as follows: (i) heart failure requiring hospitalization, (ii) myocardial infarction, (iii) arrhythmia requiring hospital admission and (iv) stroke including transient ischemic attack, as reported previously (23) .
For all the outcomes, we considered the following risk factors: (i) age at diagnosis of acromegaly, (ii) sex, (iii) presence of hypopituitarism either at diagnosis of acromegaly or at the time of the occurrence of the outcome, (iv) body mass index either at diagnosis of acromegaly or at the time of the occurrence of the outcome and (v) biochemical status of acromegaly at the time of the occurrence of the outcome. In addition, family history for diabetes was considered in the analysis of diabetes. Family history for hypertension, smoking status, presence of diabetes and hypercholesterolemia, either at diagnosis of acromegaly or at the time of the occurrence of the outcome, was included for the analysis of hypertension. The presence of hypertension, hypercholesterolemia, diabetes either at diagnosis of acromegaly or at the time of the occurrence of the outcome and smoking status were evaluated for the MACE analysis. 
Hormonal assay and acromegaly status
Over the 40-year study period, the hormonal assays for GH and IGF1 changed, as expected. For the purposes of the study, disease activity was assessed by serum IGF1 concentrations. To compare serum IGF1 concentrations over the study period, we adopted the IGF1 index (the ratio between the IGF1 concentration and the upper limit of the normal range for age), as reported previously (18, 19, 20) . Remission or controlled disease was defined when the IGF1 index was ≤1. However, uncontrolled disease was defined when the IGF1 index was >1. The outcome-free survival was considered from the diagnosis of acromegaly to the occurrence of the outcome or to the last examination if a specific outcome did not occur throughout the entire study period.
Statistical analysis
Survival curves were estimated using the KaplanMeier method. The assumption of proportional hazards was addressed by scaled Schoenfeld residuals. A P value of <0.05 was considered significant.
All computations were performed using the SPSS statistical package (SPSS).
Results
A total of 200 consecutive patients (117 women, 58.5%) were included in the study; the baseline clinical and biochemical findings of the patients are summarized in Table 1 . At the diagnosis of acromegaly, 64 (32%) patients had diabetes mellitus and 93 (46.5%) patients had arterial hypertension. In addition, 17 (8.5%) patients already had a cardiovascular event, including two patients with ischemic stroke, two with heart failure, five with coronary heart disease and eight with arrhythmias. The median (IQR) follow-up time of the whole study group was 101 (49.5-169.5) months. index (ratio between the IGF1 concentration and the upper limit of the normal range for age). Remission or controlled acromegaly was defined when the IGF1 index was ≤1.
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Diabetes mellitus
Overall, diabetes occurred in 40 (40.8%) out of 98 patients after the diagnosis of acromegaly with a median (IQR) outcome-free survival of 72.5 (36-147.25) months. Sex and hypopituitarism were differentially distributed among the three treatment groups (P = 0.05 and P = 0.05 respectively, Table 2 ). In the univariate Cox analysis, the SSAnc group was associated with a nearly four-fold higher risk of diabetes than the Hx group, also adjusting for gender and hypopituitarism, (HR: 3.78, 95% CI: 1.61-9.25, P = 0.002; Fig. 2A and Table 3 ). Similarly, in the multivariate analysis, a lack of controlled acromegaly was the strongest determinant of the outcome (HR: 3.32, 95% CI: 1.41-8.20, P = 0.006). In addition, patients with controlled disease under SSA therapy showed a 1.4-fold higher risk of diabetes than those treated with surgery, although this difference was not statistically significant (HR: 1.43, 95% CI: 0.65-3.34, P = 0.38) ( Table 3) .
Arterial hypertension
Overall, hypertension occurred in 22 (35.5%) out of 62 patients after the diagnosis of acromegaly with a median (IQR) outcome-free survival of 66 (34.5-120) months. As presented in Table 4 , the three groups differed in terms of age at the diagnosis of acromegaly (P = 0.004) and of having diabetes when hypertension was diagnosed (P = 0.03). The univariate Cox analysis showed a six-fold higher risk of hypertension in patients with uncontrolled acromegaly (HR: 6.38, 95% acromegaly at the outcome was not a predictor of hypertension (Table 5 ).
MACE
After diagnosis of acromegaly, MACE occurred in 16 (11.8%) out of 135 patients with a median (IQR) were defined as in remission, uncontrolled or controlled for acromegaly based on the IGF1 index (ratio between the IGF1 concentration and the upper limit of the normal range for age). Remission or controlled acromegaly was defined when the IGF1 index was ≤1. Categorical data are expressed as n (%). Continuous data are expressed as median (interquartile range).
Risk factor Hx n = 45
SSAc n = 68 
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www.eje-online.org outcome-free survival of 83 (38-138) months. Of these, 6 patients had a myocardial infarction, 2 had an ischemic stroke, 6 had arrhythmias and 2 had heart failure. The distribution of the risk factors for MACE did not differ among the three groups (Table 6 ). In the multivariate Cox analysis, significant risk factors for the occurrence of MACE were age at the diagnosis of acromegaly (HR: 1.09, 95% CI: 1.02-1.17, P = 0.005) and smoking habit (HR: 5.95, 95% CI: 1.52-25.26, P = 0.01) ( Table 7) . Therapy for acromegaly did not influence the occurrence of the outcome. Likewise, diabetes mellitus and arterial hypertension were not associated with an increased risk of MACE (Table 7) .
Discussion
Our results revealed that persistent acromegaly might be responsible for the late occurrence of diabetes mellitus. Conversely, the development of arterial hypertension and cardiovascular acute events seem to be dependent on factors that were not directly related to acromegaly. Acromegaly is a chronic disease, which is associated with an increased morbidity and mortality along with the high risk of hospitalization and costs, mainly due to inadequate disease management and/or poor disease control (24) . In fact, although the control of acromegaly can lead to a significant improvement in cardiovascular and metabolic comorbidities, a recent expert consensus document stated that 'comorbidities related to acromegaly should be managed as they are in the general population because they lead to increased mortality' (16) . Thus, it is important to better understand what elements predispose acromegalic patients to develop metabolic and cardiovascular complications, as well as cardiovascular acute events, after acromegaly has been diagnosed.
Overall, systemic complications occurred in a significant proportion of patients in our study: after acromegaly had been diagnosed, diabetes was found in 41% and hypertension in 35% of patients. Likewise, the occurrence of MACE during the study period (11.8% of the patients) and the prevalence of MACE at baseline (8.5% of the patients) were not negligible given the relatively young age of the study population. However, it is worth noting that the study population presented a high prevalence of cardiovascular risk factors; in addition, no case of cardiovascular death was reported during the follow-up period. This could be explained by considering that the timely treatment of diabetes, hypertension and hypopituitarism was carried out in the majority of acromegalic patients who had been referred to our center for the duration of their follow-up. In fact, it has been reported that the intensive treatment of multiple risk factors can reduce the risk of cardiovascular acute events by 50% in a population at high-risk cardiovascular profile, such as patients with type 2 diabetes (25). It has long been recognized that acromegaly is correlated with mortality and systemic complications (18, 26, 27, 28, 29) . A previous retrospective study evaluated the association of overall GH and IGF1 exposure with the occurrence of cardiovascular disease, cerebrovascular disease and diabetes in patients with treated acromegaly. Impaired glucose tolerance, diabetes and ischemic heart disease were associated with increased overall GH exposure, whereas cardiomyopathy and stroke were associated with increased overall IGF1 exposure (30) .
However, whether there is an interplay between the disease activity and other factors in terms of systemic comorbidities and cardiovascular events still needs to be evaluated.
In this study, using Cox regression analysis, we investigated the role of several factors on the onset of diabetes, hypertension and MACE.
Our results showed that uncontrolled acromegaly was the strongest determinant of the development of diabetes (HR: 3.32 95% CI: 1.41-8.2, P = 0.006). This highlights the detrimental effect of not controlling the disease on glucose metabolism in the acromegalic population.
Age at the diagnosis of acromegaly significantly correlated with the development of hypertension (HR: 1.06, 95% CI: 1.01-1.11, P = 0.01) and the occurrence of MACE (HR: 1.09, 95% CI: 1.02-1.17, P = 0.005), whereas disease activity did not. In contrast, in a recent study, we observed a shift toward hypertension in normotensive patients with uncontrolled acromegaly after 24 months of SSA therapy. However, baseline blood glucose and serum insulin levels were higher in normotensive patients who developed hypertension compared with those who did not, suggesting an interplay between glucose metabolism and the development of hypertension in acromegalic patients (20) .
A higher body mass index and smoking habit were also predictors of hypertension (HR: 1.05, 95% CI: 0.95-1.16, P = 0.01) and cardiovascular acute events (HR: 5.95, 95% CI: 1.52-25.2, P = 0.01), respectively, thus highlighting the importance of lifestyle interventions in acromegalic patients.
Taken together, these findings suggest that the lack of a tight control of acromegaly activity plays a central role in the development of metabolic complications, whereas older age at the diagnosis of the disease influences the development of cardiovascular complications and events. In addition, being overweight/obese and smoking habit increased cardiovascular risk in acromegalic patients as in the general population.
It has recently been reported how the effect of GH on body composition can lead to a specific pattern in the reduced storage of adipose tissue in central depots and a shift of excess lipid to intermuscular adipose tissue in acromegalic patients. These alterations in the adipose tissue metabolism can be associated with a metabolic risk and may be only partially reversed by surgery (31) .
According to the results of multivariate Cox regression analyses, we found that once the control of acromegaly has been achieved, the choice of therapy (pituitary surgery or SSA) does not significantly influence the occurrence of diabetes after diagnosis of acromegaly. However, patients with controlled acromegaly under SSA therapy had a 1.5-fold higher risk of diabetes than those cured by surgery, although this finding was not statistically significant. It has been reported that SSA can worsen glucose metabolism by inhibiting insulin secretion (16, 19) and may be less effective than pituitary surgery in reducing the risk of death in patients affected by diabetes mellitus (18) . However, it is possible that the relatively small number of patients included in the study affected the power of the analysis.
Moreover, patients under therapy with pegvisomant were not included in the analysis due to the small numbers. However, this subset of patients may provide useful information because pegvisomant could be associated with a better glycemic profile (2, 19) .
Further studies are thus needed to compare the effects of different treatments for acromegaly on the onset of systemic comorbidities, late after diagnosis of acromegaly.
The limitations of our study are mainly due to its observational nature. In addition, although the IGF1 concentrations at the occurrence of the outcome correlated strongly with mean IGF1 concentrations during the preceding follow-up period (18) , as previously reported, it cannot be ruled out that the duration of the control or failure to control acromegaly before the onset of the outcome may have played a role.
In conclusion, the continuous control of acromegaly activity may be beneficial in reducing the risk of developing diabetes late after diagnosis of acromegaly.
In addition, lifestyle interventions such as control of body weight and avoiding smoking should be part of the whole management of the acromegalic patient in order to reduce cardiovascular diseases.
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